ABSTRACT -This review discusses issues largely from the biological point of view about the targeted approaches for the use of natural products for the discovery of anti-diabetic drugs in collaboration with medicinal chemists and computer-aided drug design. A major thrust of this review reflects the collaborative research of four institutions:
Currently, there are 150 million people with diabetes worldwide and this figure is expected to increase to over 300 million by 2025. This global pandemic is driven by type 2 diabetes (T2D) which accounts for ~90% of all diabetes. T2D represents a coronary heart disease 'risk equivalent' as atherosclerotic cardiovascular disease is responsible for 80% of diabetic mortality and more than 75% of all hospitalisations for diabetic complications (1) . The major metabolic defects of T2D are insulin resistance (impaired sensitivity of insulin action in its target tissues: muscle and liver) and the failure of pancreatic beta cells to produce sufficient insulin to compensate for the reduced insulin sensitivity. As insulin resistance usually precedes and contributes to beta cell failure, reversal of insulin resistance is critical for the treatment of T2D. Current therapeutics for treating insulin resistance primarily target two mechanisms: peroxisome proliferator-activated receptors (PPARs) such as thiazolidinediones (TZDs) (2) and AMPK-activated protein kinase (AMPK) such as metformin (3) . Indeed these two classes of drugs are the most commonly used medications for the treatment of T2D. However, TZDs can have undesirable side-effects (weight gain, fluid retention and heart failure). Although metformin does not cause weight gain, it mainly acts in liver rather than muscle, thus on its own is not a complete therapy. For these reasons, researchers have undergone a worldwide search of new agents with greater therapeutic efficacy (4) .
NATURAL
PRODUCTS AS AN IMPORTANT SOURCE FOR DRUG DISCOVERY Natural products have a long history of being used as a medication. Although many have been superseded by conventional pharmaceutical approaches, there is currently resurgence in interest in the natural products industry to treat diseases as they have been a fruitful source of drugs. It is estimated that more than 25% of all current prescription drugs are derived from plants. Among the small-molecule drugs developed over the past 25 years or so, 5% were natural products, 27% were derivatives of natural products and 30% were synthetic drugs inspired by natural products (5) . The most successful story of the discovery of the anti-diabetic drugs from natural products is metformin. Its parent compound is the natural guanide originally purified from the plant Goat's Rue (6) . Following the discovery of its anti-diabetic effects, guanide was then chemically modified as a biguanide (metformin) to improve efficacy and reduce toxicity. ________________________________________ Currently, metformin is the most commonly used drug for the treatment of T2D.
As natural products are potential rich sources of chemical diversities for drug discovery, they also pose a number of big challenges to researchers for a number of reasons compared with industry drug discovery from synthetic small molecules. For the chemists, not only the process of purification can be slow and expensive, but also the purified natural product compounds are often difficult to modify and small in quantity. For biomedical researchers (particularly in academic institutions), it is difficult to conduct a large scale of random screenings and tests due to resource constrains.
Traditional medicines (TM) such as Chinese medicines (TCM) have been increasingly regarded as an important source for drug discovery (7, 8) . Rather than screening for large and complex small molecule libraries of natural products, which incurs great expenses and time as well as eliciting potential toxicity issues, it appears to be expeditious to take a more targeted approach using TCM with known efficacy on metabolic disorders. As TCM has been used for centuries to treat diseases including diabetes researchers can take advantage of the vast literature (including traditional and experimental usage) already available for data mining and perform computer screenings. This approach also overcomes the constraints of limited quantity often encountered in research of other natural products because TCMs are manufactured on a large scale. However, major challenges remain in the identification of active components from TCMs. Many of the claimed efficacies of TCM are not based on robust clinical trials of a modern standard and the mode of action is generally not known. In addition, it is widely believed that the beneficial effects of TCMs are due to combinational effects. This presents significant difficulties in isolating the active components from the natural products in TCM. Therefore, designing manageable screens becomes essential to guide the identification and separation of the active molecules from TCM ingredients.
THE

ANTI-DIABETIC NATURAL PRODUCTS FROM TCM
The current approaches of drug discovery can be broadly divided into two categories: target-based and phenotypic screening. Target-based approach involves screening a single molecular target against hundreds of thousands of small molecules, identifying 'hits' and taking these further through pre-clinical and clinical trials which is also known as the "Bench to Bedside" approach ( Figure 1 ). The advantage of this approach lies in the application of existing molecular and chemical knowledge to investigate specific molecular hypotheses (ie. modulation of a single target), and it is often high-throughput adaptable (9) . However, the use of single target based drug screens has an extremely high attrition rate and it is limited by the complexity of diseases (10) such as T2D, which represent defects in multiple organs involving multiple biochemical pathways. Although widely used in the industry for high throughput screening, this type of screen might not be sufficient to capture the pathophysiology of the disease. The fact that there is very little improvement in the approval rate of drugs from synthetic small molecules in the last twenty years despite substantial advances in target identifying technology (eg. RNA interference and X-ray crystallography) reveals the limitation of this approach to drug discovery (11, 12) .
Phenotypic screenings are cell-based assays which can overcome many of these limitations because they have the potential to select for compounds that modify end-point biological response rather than individual targets per se (13) . This is because a small molecule often binds to more than one targetor modifies the activity of regulatory nodes that are dominant control points in the context of the biological system. Therefore, cell-based drug screens have the potential to yield more information about a biological system in part because they can be tailored to screen for complex outcomes such as changes in cell morphology or gene expression ( Figure 1 ). However, cell-based screening of natural products may pose challenges in establishing mechanisms of action, which usually involves identification of the molecular target(s). Compared with the targetbased screening, the phenotypic screening is less high throughput. As phenotypic screening yields higher success rates, we have opted to use this approach to screen the TCM-derived natural products in our research (14) (15) (16) (17) .
CELL-BASED SCREENINGS
GLUT4 translocation assay
This screen measures the movement of the insulin responsive glucose transporter, GLUT4 to the cell surface of insulin responsive target cells (adipocytes and myotubes), which represents a key action of insulin in regulating glucose transport. As insulin responsive glucose transport is defective under the states of insulin resistant and considerable evidence, this may be the most relevant defect giving rise to insulin resistance. Current approaches for discovery of anti-diabetic drugs from TCMs. The conventional approach of drug discovery relies on intensive screening of a large number of small molecules to gradually narrow down the promising leads to proceed forward to clinical tests. Many of the small molecules that passed the initial screens may fail to pass the stringency of clinical tests, resulting in a high attrition rate. Moreover, the typical time frame for this type of drug discovery proceeding requires a minimum of ten years. In contrast, TCM is one type of natural product which has been extensively used for various clinical conditions such as T2D. Researchers can take advantage of the existing literature for data mining to identify new drug entities and possible mechanism of action to accelerate R & D process for drug discovery.
Importantly, the insulin dependent movement of GLUT4 is one terminal manifestation of insulin action and its molecular regulation potentially involves the activity of hundreds of different molecules (18, 19) . The James laboratory at the Garvan Institute has developed a high throughput screening based on the measurement of GLUT4 translocation in both 3T3-L1 preadipocytes and L6 myotubes (18) . Using this cell-based assay as a first-line screening, we have screened for the derivatives developed from berberine, a natural product commonly used in TCM, to optimize its anti-diabetic efficacy (14) . By using this cellbased assay as a first-line screening, we have successfully isolated active ingredients from bitter melon used in Asia (15, 20, 21) and identified novel triterpenoids (Figure 2 ) with anti-diabetic properties (15, 22) . In muscle cell lines, the GLUT4 translocation assay is generally more sensitive (up to 5-fold; Figure 2 ) than the measurement of glucose uptake (maximum ~2 fold). Several other laboratories have also used a GLUT4 translocation assay to screen for antidiabetic compounds (22) (23) (24) .
From our experience, this assay offers far greater sensitivity and reliability than the glucose uptake assay, which is another commonly used end-point assay for glucose metabolism. Together with its high throughput capacity, this end-point assay is a very useful tool to allow for rapid identification of the potentially efficacious components ("hits") from TCM to be taken forward for further development.
Lipid accumulation assay
Lipid accumulation within insulin responsive tissues is a key pathophysiology leading to the development of insulin resistance (25) . Reducing lipid accumulation in insulin responsive tissues is not only critical for the treatment of T2D but also a feasible strategy for therapeutic development. 
Clinical tests
Surveillance high throughput phenotypic screening assay in 3T3-L1 adipocytes (17) . This assay measures the cellular triglyceride level as an end-point readout and has the advantage to capture the lipidlowering efficacy of potential candidates at different sites in lipid metabolic pathways ( Figure  3) . Following validation by a series of biochemical and pharmacological tests, this assay was applied to screen more than 200 candidates selected from different classes of compounds from TCM. With this assay we were able to identify more than 40 potential anti-diabetic compounds and confirmed the in vivo efficacy of two of these newly-identified compounds (oxymatrine and albiflorin) in animal models of diet-induced insulin resistance (17) . This hence provides a strong support for the application of this screening assay for the discovery of novel anti-obese and anti-diabetic drugs.
Cell-based insulin resistance models
In addition to screening for lipid-lowering efficacy, cell-based screening can also be modified to enable screening of insulin sensitizing properties of the potential TCM candidates. This method utilises the observation that both L6 myotubes or 3T3-L1 adipocytes are responsive to a range of metabolic insults that recapitulate common causes of insulin resistance in mammals, including hyperinsulinemia (via the exposure to chronic insulin), inflammation (elicited by tumor necrosis factor α), Cushing's syndrome/antiinflammatory steroids (dexamethasone treatment), and hyperlipidemia/dyslipidemia (palmitate incubation), as well as oxidative stress (incubation with glucose oxidase) (27) . These insulin resistance models can then be coupled to the cellbased assays such as the GLUT4 translocation assay to achieve high throughput screening and allow for further dissection regarding the mechanism of action of the lead TCM compounds.
Gene signature
The availability of sequenced genomes and new computational tools has added a new dimension to drug discovery. The use of gene signature profiling has revolutionized multiple areas of the drug discovery including target identification, validation, compound selection, pharmacogenomics, biomarker development, clinical trial evaluation and toxicology. Gene signature is the study/profiling of gene sets that are transcribed or expressed from genomic DNA under a given a biological state of interest. Gene transcription/expression is a major determinant of cellular phenotype and function, and is also responsible for the variation of cellular responses to environmental cues. Hence gene signature can offer much information not only on the function of the gene sets, but the expression magnitude and kinetic can also help researchers to understand the biological roles of the encoded proteins which is useful particularly in chronic diseases like diabetes and cancers (28, 29) . For example, 2 recent articles published in Science Translational Medicine (30, 31) have successfully used this approach to demonstrate potential new therapeutic uses for certain approved drugs. These authors respectively showed that cimetidine (anti-ulcer agent) could be applied to treat lung adenocarcinoma, while topiramate (anticonvulsant) could be a new therapy for inflammatory bowel disease. These findings provide a proof-of-concept for the use of the gene signature as a novel means of drug discovery with relevance to underlying mechanism of action. Given the polygenic nature of diabetes, it is not uncommon for individuals with the same disease to manifest with a different profile of gene signature. The knowledge gained from the profiling could potentially help to personalise therapies to more effectively treat different diabetes-suffering patients, similar to the longstanding "Personalized Medicine Paradigm" in TCM (32) .
EVALUATION OF THE IN VIVO EFFICACY
To evaluate the in vivo efficacy, the most promising small molecules (hits) obtained from the above screenings can then be selected for further studies in animal models to determine the in vivo significance. The in vivo studies in animal models are critical because not all findings in cellbased studies can be translated into the real life situation due to the chemical properties of the test compound. Moreover, the beneficial effects derived from animal models will have more direct implications for the treatment of T2D and other metabolic diseases in humans than that derived from cell models alone. Hence, animal experimentation is proven to be a reliable model for the discovery and validation of new treatments for T2D, and it is often regarded as pre-clinical research. Several well-established animal models of type-2 diabetes are discussed below.
Leptin is the satiety hormone produced by adipocytes. With the identification of leptin being the master regulator of energy intake and energy expenditure (33) , Leptin (ob/ob) and its receptor (db/db) mutation have been a valuable models for therapeutic discovery. Mice homozygous for the leptin mutation (ob/ob) are hyperphagic resulting in weight gain and becoming rapidly obese. These mice are hyperglycemic at a young age. Depending on the background of the mice (34) , certain strains such as the C57BLKS/J develops severe hyperglycemia and diabetic conditions with age, while the hyperglycemia is only transient C57BL/6J background which is a common strain used in T2D research. Although glycemia may be normal, plasma insulin levels increases steadily in the C57BL/6J ob/ob mice leading to the manifestation of hyperinsulinemia by 14-16 weeks of age (33) . For these reasons, the C57BL/6J background is particularly useful to mimic early stages of type-2 diabetic conditions, while the C57BLKS/J background is more useful to study the effects of therapeutics on advanced stages of the disease (35) . Unlike the ob/ob animals, db/db animals harbour mutation of the leptin receptor gene which gives rise to a defect in leptin signalling. The leptin receptor is highly expressed in the hypothalamic region of the brain, and defects in this protein render the animals unable to regulate their energy stores appropriately. As a result, the affected animals become hyperinsulinemic very early in life (10-14 days of age), and are obese by the time they are 3-4 weeks old. On the C57BL/6 background, the animals display hyperglycemia and hypertriglyceridemia, and are insulin resistant (36, 37) . For this reason, db/db animals have been used extensively as a preclinical drug validation model for anti-diabetic drug discovery (38) .
The use of these models also has limitations, as leptin or its receptor deficiency presents extreme genetic models of obesity and insulin resistance/diabetes which may not be truly reflecting the pathophysiology of that in human. Moreover, natural mutations of the OB gene (which encodes for leptin) are rare and do not manifest as a common cause of increased body weight in humans (39, 40) . For these reasons, our laboratory has employed a murine diabetic model produced by chronic feeding of a high-fat (HF) diet combined with low doses of streptozotocin (STZ; 40 mg/kg/day for five consecutive days). Chronic HF feeding in rodents is a widely used model of insulin resistance, which is associated with lipid accumulation in muscle and liver (41, 42) . However, HF feeding alone is insufficient to cause diabetes due to the capacity of pancreatic β-cells to increase insulin secretion to compensate for the insulin resistance (43) . As injection of high dosage (150 mg/kg) of STZ can have severe effects in the pancreas resulting in the ablation of insulin production, we administered multiple low doses of STZ to specifically dampen the ability of pancreatic β-cells to increase insulin secretion during HF-feeding to generate hyperglycaemia (26, 44) . The severity of the diabetic phenotype generated using this protocol is less extreme than that of the genetic models and is of much greater relevance to the development of T2D in human (45) . Unlike the HF feeding model which glucose tolerance tests are required to monitor the progression of the metabolic phenotype, phenotyping of the HF-STZ mice can be achieved by simpler means such as measuring fasting blood glucose and triglyceride levels from tail sampling, which presents a major advantage and adaptability to high-throughput drug screening.
INVESTIGATION OF THE MOLECULAR MODE OF ACTION
Once the in vivo efficacy is confirmed, the next step is to understand the molecular mode of action for the identified targets. Insulin resistance is a major metabolic characteristic of type 2 diabetes, hence counteracting insulin resistance holds the key for the therapeutic interventions. There are different types of insulin resistance resulting from different mechanisms which include active intracellular lipids (46) , inflammatory cytokines and endoplasmic reticulum (ER) stress (47) , and/or mitochondrial oxidative stress (48) . Although varying in degrees, all these mechanisms are associated with obesity (45) . The use of animal models has the advantage of capturing all of these metabolic features associated with obesity which can offer clues towards the underlying mechanism of action for the identified leads. For example, reduction of body weight gain and fat depots without altering food intake would suggest an increase in energy expenditure. This cause can then be further assessed by indirect calorimetry using metabolic cages, as well as measuring levels of triglyceride and cholesterol in the plasma and metabolicactive tissues. In our experience, alleviation of insulin resistance often results from reduced obesity and/or lipid accumulation in muscle and liver, and that pharmacological treatment to reduce lipids in muscle and liver is often linked to increase expression of genes catalyzing fatty acid oxidation namely AMPK, PCG-1α, UCP2 and/or UCP3. The data from the animal experimentations can then help to design specific molecular interventions in vitro to pin point the cellular target. Using this approach, we have demonstrated the anti-diabetic activity of the novel bitter melon-derived triterpenoids is attributable to its ability to increase the activity of 5' AMP-activated protein kinase (AMPK), which is a key protein responsible for energy metabolism (15) .
CLOSING REMARKS
In collaboration with the Shanghai Institute of Materia Medica (SIMM) and Sun-Yat Sen University, we have now established a library of diverse small molecules from a range of TCMs with potential efficacy using various cell-based assays, including an innovative and proprietary GLUT4 translocation assay that reconstitutes one of insulin's most critical actions -the insulinregulated movement of the GLUT4 glucose transporter to the plasma membrane. This process facilitates insulin-dependent entry of glucose into muscle and fat after a meal and is one of the major mechanisms underpinning insulin resistance (18) . Based on the GLUT4 translocation assay we have identified berberine (BBR) (50) , BBR derivatives with substantially improved in vivo efficacy (14) and novel triterpenoids from the vegetable bitter melon Candidate compounds that demonstrated effectiveness in the cell-based screening will then be taken forward to animal experimentation (often in mice). Alternatively, animal-based screening can be applied if sufficient quantity of the purified compound is available. Animal experimentations in turn will provide valuable information to allow for the design of derivatives of the lead compounds with improve drug properties, as well as protocol optimization if necessary. These derivatives are subjected to another round of screening and animal experimentations, the promising lead(s) can then be patented and proceed to therapeutic profiling and clinical tests. Meanwhile, the obtained knowledge on the mechanism of action and target of the lead compounds can result in scientific publications.
(BM) (15, 22) which activates the AMPK pathway via alternative mechanisms. Using the approach illustrated in Figure 3 , we have also conducted cell-based screens on ~500 compounds selected from two large banks of different classes of TCM-derived small molecules. This has yielded a number of small molecules with promising efficacy in reversing insulin resistance with well-defined modes of action. These findings have resulted in four patent applications and considerable attention from the media and the pharmaceutical industry. However, the primary cellular targets linking to these pathways are unknown largely due to the limitation of the current methods available for use. This is now a crucial point for us to identify their biological targets to advance our understanding of the molecular mechanisms for the metabolic effects of these small molecules leading to the reversal of insulin resistance. We believe that the research outcome will be very significant and highly relevant to public health and the treatment of diabetes.
